Kawasaki disease (KD) is an acute systemic vasculitis syndrome, which primarily affects in children under the age of 5 years. In 20-25% of cases, if untreated, coronary artery lesions develop, making KD the leading cause of acquired heart disease in children in both Japan and the United States. Since 1970, 19 nationwide surveys of KD in Japan have been conducted every 2 years and the data are stored in a database. Even though the etiology of KD remains unknown, despite enthusiastic research spanning more than 40 years, we have learnt a great deal about KD from this enormous database. These 19 epidemiologic studies indicate a strong genetic influence on the disease susceptibility, prompting us and other researchers to identify the responsible genes for KD by applying either the candidate gene approach or the genome-wide approach. We have employed a genome-wide linkage study using affected sibling pair data of KD in Japan and have identified several susceptibility loci. Further analysis focusing on a region of chromosome 19, where one of the linked loci was detected, identified a predisposing gene, which codes inositol 1,4,5-trisphosphate 3-kinase C (ITPKC). In this review, we summarize the cumulative knowledge regarding KD, and then outline our hypothesis of the role ITPKC plays in KD susceptibility and our trial that aims toward the implementation of personalized medicine for KD.
under 5 years old), of intermediate incidence in African Americans and Hispanics (16.9 and 11.1/100 000 children under 5 years old), and lowest in Caucasians (9.1/100 000 children under 5 years old). 11 
ETIOLOGY AND PATHOGENESIS
The etiology of KD remains unknown. The seasonal variation, geographic distribution, and age-specific distribution strongly suggest an infectious etiology or trigger. To date, however, experiments seeking to identify the infectious agent responsible for KD, using virtually all kinds of techniques, have failed. One plausible hypothesis would be that KD is caused by some unknown, but ubiquitous infectious agent that produces the clinically apparent disease only in individuals with a genetic susceptibility. If this hypothesis is true, the frequency of the susceptible allele should be higher in Asian populations, including Japanese, than in Caucasians. Increased cytokine cascade stimulation and endothelial cell activation in acute KD are well-established findings. Taking into account the hypothesis and laboratory findings, a plausible mechanism of KD onset would be a genetically determined exaggerated immune response triggered by several different unknown microbial agents. Thus, the identification of genetic factors must surely facilitate our understanding of the disease etiology and pathophysiology.
CARDIAC COMPLICATIONS
In the 1960s in Japan, there was controversy as to whether KD was connected to subsequent cardiac complications in a significant number of cases. The first Japanese nationwide survey of KD was conducted in 1970; and from the findings of the first and second surveys, a total of 13 autopsied cases of sudden cardiac death with coronary thrombosis and aneurysm were documented, 3 establishing the link between KD and coronary artery vasculitis. 12, 13 It is now known that coronary artery aneurysms develop in 20-25% of untreated patients and may lead to myocardial infarction, sudden death, or ischemic heart disease. 3 Until now, prevention of coronary artery lesions (CAL) is a major clinical issue to be overcome.
TREATMENT
The efficacy of intravenous immunoglobulin (IVIG) administered in the acute phase of KD for reducing the prevalence of CAL is well established. [14] [15] [16] Patients should be treated with IVIG (2 g kg À1 , single infusion) over 8-12 h, together with oral aspirin (30-50 mg kg À1 day À1 ). Administration of IVIG within the first 10, and preferably 7, days after the onset of fever in combination with aspirin reduces the risk of CAL to 3-5%. Approximately 15-20% of patients with KD fail to respond to initial IVIG therapy, and CAL occurs in 10-15% of patients despite this therapy. Failure to respond is typically defined as persistent fever 436 h after the completion of initial IVIG (2 g kg À1 ) therapy. Kobayashi et al. 17 have developed a new risk score that identifies, with high sensitivity and specificity, resistance to IVIG in advance of treatment. They used seven laboratory and demographic variables available before the initiation of primary therapy.
In the case of persistent or recrudescent fever after IVIG therapy, the current treatment trial is to administer one or more repeat doses of IVIG, pulse methylprednisolone (30 mg kg À1 ) for 1-3 days, ulinastatin (5000 U kg À1 ) 3-6 times a day, together with other immunosuppressives such as cyclophosphamide, methotrexate, cyclosporin A (CsA), infliximab, or plasmapheresis. However, full evaluations of these additional therapies have not yet been completed.
EPIDEMIOLOGICAL FINDINGS INDICATING GENETIC PREDISPOSITION FOR KD
A genetic influence on the disease susceptibility is suspected based on the following. First, as mentioned earlier, KD is over-represented among Asian and Asian-American populations. [6] [7] [8] [9] [10] [11] 18 The fact that Japanese ancestries in Hawaii have higher incidence of KD than other ethnic groups and the same level of incidence as Japanese living in Japan confirms the ethnic genetic difference in susceptibility to KD. Second, KD shows familial aggregation. [19] [20] [21] [22] The frequency is 10 times higher than in the general population among siblings of an index case in Japan (relative risk for siblings: ls¼10). In addition, the frequency of KD was two times higher than predicted in parents of children with KD, indicating the existence of heritable factor(s).
Thus, the identification of susceptible genes could elucidate the fundamental mechanism of KD development and possibly lead to the establishment of a pharmacological therapy or preventive measure.
CANDIDATE GENE APPROACH
One commonly used technique to identify genetic risk factors for multifactorial diseases such as KD is the candidate gene approach, which directly examines the effects of genetic variants of a possibly contributing gene by association study. To date, quite a number of genes have been examined, which are usually selected based on information regarding their function in inflammation, immune response, and other biological mechanisms. Onouchi, 23 one of the authors in this article, has classified elsewhere the majority of the results of the candidate gene approach for KD and, therefore, here we briefly summarize the findings obtained from this approach.
Initial genetic studies of KD were focused on human leukocyte antigen (HLA) class I antigens. The HLA gene cluster is located at chromosome 6p21.3. To date, a number of disorders including rheumatoid arthritis, insulin-dependent diabetes mellitus, and Crohn's disease are known to be associated with the HLA subtype. There is a large ethnic difference in the distribution of HLA alleles. In Japanese Implementation of personalized medicine for KD A Hata and Y Onouchi KD patients, HLA-Bw22 (now referred to as Bw54) is reported to be predominant. 24, 25 On the other hand, HLA-Bw51 was found to be associated with Caucasian 26, 27 and Jewish KD patients, 28 but no replication was obtained in Chinese 29 and Korean KD patients. 30 Although several other groups have studied other combinations of HLA subtypes, no consistent association has been detected so far. Considering that no significant linkage was detected near the 6p region in our genome-wide linkage analysis, 31 34 and MCP-1 35 ), hematopoietins (interleukin-4 (IL-4) [36] [37] [38] and IL-6 39 ), IL-1 family (IL-1b, 37 IL-18, 40 and IL-1Ra 37 ), IL-10 family (IL-10 41 ), platelet-derived growth factor family (vascular endothelial growth factor (VEGF) [42] [43] [44] [45] and VEGFR2 42 ), and tumor necrosis factor (TNF) family (TNF-a, 46-50 lipoteichoic acid, 47 and CD40L 51, 52 ). Other candidates include plasma proteins (C-reactive protein [53] [54] [55] and MBL2 53, 55, 56 ), matrix metalloproteinase (MMP) and their inhibitors (MMP2, 58 MMP3, 57,58 MMP-9, 58 MMP-12, 58 MMP-13, 58 and tissue inhibitors of metalloproteinase-2 59 ), enzymes related to atherosclerosis (methylenetetrahydrofolate reductase (MTHFR), 60 endothelial nitric oxide synthase, 61 and inducible nitric oxide synthase 61 ), components of the renin-angiotensin system (angiotensin-converting enzyme [62] [63] [64] [65] and AGTR1 64 ), and an unclassified group (CD14, 66 FCGR2A, 67,68 SLC11A1, 69 PLA2G7, 70 UGT1A1, 71 MICA, 72 and HMOX1 71 ).
KD is recognized as one of the systemic inflammatory response syndromes, in which high levels of cytokines are observed. 73 TNF-a is considered to play an important role in vascular injury in KD, which develops to CAL. 74, 75 In accordance with this hypothesis, the usage of infliximab, the monoclonal antibody against TNF-a, has recently been found to be effective as a novel therapy for IVIG-resistant KD. [76] [77] [78] Thus, genes for cytokines including TNF-a could be candidates for KD susceptibility. However, consistent results have not been obtained. This is also true for the other candidates mentioned above. Further systematic replication studies would be necessary to draw firm conclusions.
GENOME-WIDE LINKAGE ANALYSIS
Unlike the candidate gene approach, the genome-wide approach can be performed without any a priori assumptions about the genes. This approach therefore affords the chance to identify novel gene(s) whose function is unknown. In other words, genome-wide approaches open up the possibility of identifying multiple genetic factors that contribute to KD susceptibility with largely unknown pathogenesis. When we decided to start identifying susceptibility genes for KD about 10 years ago, the available method for the genome-wide approach was linkage analysis with affected sibling pairs. Genetic linkage is based on the phenomenon whereby alleles at loci close together on the same chromosome region will tend to be inherited together, because it is rare for a crossover to occur between the loci at meiosis. We can expect to observe co-segregation of a marker associated with a disease among affected members in the same family, and thus we can test for increased allele sharing between pairs of affected relatives, particularly affected sibling pairs. Linkage is a very long-range phenomenon; only several hundred markers may be sufficient to identify the responsible gene loci from the entire genome. Below we describe our identification of one of the susceptible genes for KD based on the results derived from genome-wide linkage analysis.
In our linkage studies we used the affected sibling pair method, a kind of non-parametric linkage study, with genome-wide distributed microsatellite markers. The total number of markers was 399 and the average interval 9.9 cM. We have recruited more than 80 families including sibling cases all over Japan. The logarithm of the odds (LOD) scores were calculated by estimating number of shared alleles identical by descent for each marker loci. The results of the genomewide linkage analysis are shown in Figure 2 . Ten chromosome regions-4q35, 5q34, 6q27, 7p15, 8q24, 12q24, 18q23, 19q13.2, Xp22, and Xq27-showed maximum LOD scores (MLS) 41.0 (Figure 2 ). Among them, the most significant region was 12q24 (MLS 2.69). 31 These peaks, if true, implicate the location of the responsible genes for KD susceptibility. We then performed linkage disequilibrium (LD) mapping to narrow down the candidate loci and identify the genes and their functional variants.
LD MAPPING
LD mapping is usually performed by association study using single nucleotide polymorphisms (SNPs) near the candidate region. We selected SNPs in the vicinity of the 10-25 Mb area to the several linkage peaks from the database. A systematic case-control association study that genotyped these variants identified three significant closely located SNPs in a 150-kb LD block on the 19q13.2 region (Figure 3) . A subsequent validation study using different case-control sample sets confirmed the association. We then sequenced the LD block region to find other SNPs. Identifying six additional significant SNPs through association study resulted in total nine significant SNPs. These candidate SNPs were further screened by the transmission disequilibrium test conducted on American multi-ethnic KD patient-parent trios. Of the nine significant SNPs, only four centromeric SNPs showed the same trend of association, indicating one of the four to be a functional SNP (Figure 3) . 79 
IDENTIFICATION OF ITPKC AS A SUSCEPTIBILITY GENE FOR KD
As shown in Figure 3 , a total of four genes-NUMBL, ADCK4, inositol 1,4,5-trisphosphate 3-kinase C (ITPKC), and FLJ41131-are Implementation of personalized medicine for KD A Hata and Y Onouchi located in the region of the four centromeric SNPs. Of the four genes, ITPKC was the most attractive candidate. ITPKC is a kinase of inositol 1,4,5-trsiphosphate (IP3), which is a second messenger molecule in various types of cells including T cells, macrophages, and neutrophils known to be involved in the pathogenesis of KD. IP3 is phosphorylated to become IP4 by ITPKC (Figure 4 ). Signals from cell surface receptors activated phospholipase C (PLC), which catalyzes the hydrolysis of plasma membrane inositol phospholipids. IP3 is one by-product of PLC-mediated phospholipid breakdown and stimulates the release of Ca 2+ ions from intracellular stores and also influx of extracellular Ca 2+ into the cells. In T cells, increased cytoplasmic Ca 2+ binds calmodulin, and the Ca 2+ -calmodulin complexes activate calcineurin. Calcineurin then removes phosphates from an inactive nuclear factor of activated T cells (NFAT). Activated NFAT migrates into the nucleus, where it binds to and activates the promoters of several genes, including IL-2 (Ca 2+ -NFAT pathway) ( Figure 5 ). [80] [81] [82] Although a total of three isoenzymes of ITPK proteins (ITPKA, ITPKB, and ITPKC) are known to date, the importance of ITPKC in the immune system has not been identified. We investigated mRNA expression of ITPKC in a variety of tissues and revealed that ITPKC was strongly induced in stimulated peripheral blood mononuclear cells (PBMCs). Compared with the other isoenzymes, ITPKC was most abundantly expressed in PBMCs and leukemic cell lines, and most significantly induced in response to cell stimulation. 79 Therefore, we speculated that ITPKC plays a significant role in the immune system and is probably related to inflammation. The finding of the predicted nuclear factor-kB binding sequence in the promoter of ITPKC in an in silico study 83 is in accordance with our speculation.
ROLE OF ITPKC IN T-CELL RECEPTOR SIGNAL TRANSDUCTION
We hypothesized that ITPKC negatively regulates T-cell receptor signal transduction by decreasing the amount of IP3 in the cytoplasm. If this is true, increased ITPKC expression should lead to decreased IL-2 expression, and decreased ITPKC expression should lead to increased IL-2 expression. In accordance with our hypothesis, overexpression in Jurkat cells resulted in reduced NFAT activation and IL-2 expression. On the contrary, knock-down of ITPKC by short hairpin RNA enhances NFAT activity and IL-2 expression. 79 These data strongly support our hypothesis (Figures 5a and b) . Through functional analyses of significant SNPs, we identified that itpkc_3 G/C, an SNP located in intron 1 of ITPKC, reduces mRNA expression of ITPKC in 
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PBMCs down to 70% by altering splicing efficiency. 79 Relatively reduced ITPKC activity associated with the C allele of itpkc_3 may enhance T-cell activation, leading to the development of KD triggered by unknown infection. Further investigation of the role of human ITPKC and biological significance of itpkc_3 in other immune cells (e.g., macrophages, B cells, and neutrophils) or non-immune cells (e.g., endothelial cells and cardiac myocytes) may elucidate a part of the pathogenesis of KD.
PREDICTION OF CAL FORMATION AND IVIG RESPONSIVENESS
As mentioned above, 15-20% of KD patients respond poorly to IVIG and these patients are at higher risk for developing CAL. The development of clinical measures to prevent CAL is thus the most important issue for pediatricians responsible for KD patients. We can assume that there are several genes related to IVIG responsiveness and CAL formation in KD, and if this is so, prediction by genotyping such Figure 5 The possible role of ITPKC as a negative regulator in the Ca 2+ /NFAT pathway. IP3 binds to its receptor expressed on the endoplasmic reticulum (ER) membrane and causes the release of Ca 2+ into the cytoplasm. Then the depletion of Ca 2+ store in ER evokes a process termed as store-operated Ca 2+ entry in which extracellular Ca 2+ enters through calcium release-activated Ca 2+ channels on the plasma membrane. Cytoplasmic Ca 2+ binds calmodulin, which in turn activates calcineurin, a calmodulin-dependent phosphatase. Activated calcineurin dephosphorylates to NFAT in the cytoplasm and leads to nuclear translocation of NFAT. NFAT in the nucleus drives the transcription of genes important in T-cell activation. genes would be beneficial in the clinical setting. We stratified our samples based on CAL formation and IVIG responsiveness. The C allele of itpkc_3 was found to be significantly more predominant in patients with CAL and those refractory to IVIG (Table 1) , 79 indicating that ITPKC itself is at least one such gene. In Japan, several cases of successful CsA treatment for IVIGresistant KD have been reported at meetings. CsA is known to bind to and inhibit the activity of calcineurin, thereby inhibiting the production of cytokines by T cells. The fact that CsA is effective indicates the importance of Ca 2+ /NFAT pathway activation in the pathogenesis of KD.
We are now conducting a KD prospective cohort study to determine whether or not genotyping can predict IVIG responsiveness and CAL formation, and also whether or not an association between CsA effectiveness and genotype exists. This kind of clinical trial will contribute to the establishment of evidence-based and personalized medicine in the near future.
FURTHER RESEARCH TOWARD PERSONALIZED MEDICINE FOR KD
The International HapMap Consortium genotyped cell lines derived from trios of European and Yoruban descent, providing an extremely rich data set for identifying responsible genes for multifactorial diseases. On the basis of data obtained by the HapMap project completed in 2005-data that are freely available on the project's website-analysis kits for a genome-wide association study were provided by several suppliers. The fact that the genome-wide association study enables 500 000 to 1 million SNPs to be genotyped at a time has made it a mainstream technology. During the next few years, multiple susceptibility genes may be identified from such large-scale studies.
Pathways and molecular networks in which susceptibility genes identified in the genome-wide approach will provide new candidate genes. Based on our findings of the significance of the Ca 2+ /NFAT pathway, components of this pathway could be candidates. Through rapid progress in molecular biological technology and expanding knowledge of the human genome, we can expect the entire genetic background of KD to be clarified in the near future, bringing us closer to the availability of personalized medicine for KD.
